Extremophiles are microorganisms that have adapted to severe conditions that were once considered devoid of life. The extreme settings in which these organisms flourish on Earth resemble many extraterrestrial environments. Identification and classification of extremophiles in situ (without the requirement for excessive handling and processing) can provide a basis for designing remotely operated instruments for extraterrestrial life exploration. An important consideration when designing such experiments is to prevent contamination of the environments. We are developing a reference spectral database of autofluorescence from microbial extremophiles using long-UV excitation (408 nm). Aromatic compounds are essential components of living systems, and biological molecules such as aromatic amino acids, nucleotides, porphyrins and vitamins can also exhibit fluorescence under long-UV excitation conditions. Autofluorescence spectra were obtained from a light microscope that additionally allowed observations of microbial geometry and motility. It was observed that all extremophiles studied displayed an autofluorescence peak at around 470 nm, followed by a long decay that was species specific. The autofluorescence database can potentially be used as a reference to identify and classify past or present microbial life in our solar system.
INTRODUCTION
The existence of life outside of planet Earth has yet to be determined despite the advancements of technology in the past hundred years. So far the evidence that points to the possibility of extraterrestrial life is based on 1) the presence of extraterrestrial organic constituents of life such as amino acids; 1,2 2) meteorites that contain structures that resemble fossilized microorganisms (microfossils); 3,4 and 3) the detection of ice and water in many planetary bodies. [5] [6] [7] [8] Indeed, gathering evidence for extant or extinct extraterrestrial life will require sophisticated scientific instruments particularly designed to detect biological molecules. If life exists (or existed) on other planets and moons in our solar system, then most probably microbial life are the most abundant forms, as is the case on Earth. And amongst the diversified microbial life on Earth are those classified as being extremophiles, being able to adapt to conditions that were once though of to be inhabitable.
One of the most important tools for a microbiologist has been the light microscope. The spatial resolving power of a research microscope is on the order of a few hundred nanometers, which makes this instrument particularly well suited to study bacteria and other microorganisms in the size range of 1 to ten micrometers. With this resolution it is possible to distinguish Escherichia coli from Spirochaeta Americana from a dirt particle, based on geometry alone. And because light microscopy is a non-invasive tool, a wealth of information about a microbe's motility can be obtained, and the additional information can be used to further support that the specimen is living, and amongst the living organisms, classify them according to their genus and species. Thus, a space microscope is perhaps the best instrument to scan our solar system for evidence of past or present microbial life.
The challenges that are associated with implementing a space microscope mainly include maintaining optical alignments within the instrument and focusing of the sample. We and others have successfully used computer programmable micro-and nano-positioners to maintain the focus (and track moving specimens) continuously, unattended for days. 9 Another issue is the type of light source. White LEDs have become increasingly popular source in microscopy, in addition to diode lasers. Both of these devices are more favorable compared to halogen lamps or gas lasers because they are sturdy and compact, with low power consumption and low profiles.
Besides collecting wide-field transmission images, the space microscope can also be used for fluorescence imaging. For living specimens, fluorescence originates from chromophores such as proteins, vitamins, flavins and cytochromes. Each fluorophore has distinct spectra, and in principle the abundance of various chromophores within a specific microorganism can be determined based on their absorption and fluorescence spectra. Determining the type of chromophores present in microorganisms can be useful in their classification according to their genus or species. We intend to develop spectral databases (absorption and fluorescence) of various microorganisms on Earth to be used for real-time analysis of images from a space microscope. In preliminary experiments we determined the spectral profile of ten extremophiles from the collection of around 100 extremophiles Richard B. Hoover maintains in his Astrobiology Laboratory. The rationale for using extremophiles is that they represent microorganisms that have adapted to environments on Earth that may resemble those on other planets or moons in our solar system.
METHODOLOGY

Space Microscope Setup
A Nikon Eclipse Ti microscope was used as the foundation for the space microscope. Light from a 408 nm diode laser (50 mW, 100 MHz modulation, CrystaLasers) was spatially filtered through a 50 μm pinhole placed at the focal points of two achromatic doublet lenses (f = 30.0 mm and f = 200.0 mm, Thorlabs) to expand the beam ~6×. A dichroic filter (FF409-Di03, Semrock) was used to direct the expanded beam to fill the back aperture of a Nikon 60× 1.20 N.A. water objective. The 408 nm laser beam was focused by the objective into a particular sample. The laserinduced fluorescence was collected by the objective (epifluorescence configuration) and the fluorescence was filtered by the dichroic mirror and a longpass filter (FF01-440/SP-25, Semrock). The Nikon Eclipse Ti tube lens focused the fluorescence onto an imaging spectrograph (SpectraPro 2150, PI-Acton) containing a movable mirror/grating turretwhen the mirror is placed in position a widefield image is collected, and when the diffraction grating is in position a fluorescence spectrum is collected. It takes 40 ms to acquire an image or fluorescence sprectrum. Raw intensity spectra were adjusted to compensate for the wavelength-dependent quantum detection efficiency by use of DAPI and Rhodamine 6G fluorescent standards.
A lab-built 25mm×25mm microwell array for imaging up to 25 samples on a single #1 coverslip was fabricated using silicone elastomer (Sylgard 184, Dow-Corning) heat cured inside a custom-made mold. Each microwell can accommodate 10 μl. The microwell array was mounted onto a computer-controlled x-y translation stage system with 50 nm positioning accuracy (Physik Instrumente). Focusing of the objective was done by software control of an objective nanopositioner (PIFOC, Physik Instrumente).
Source of extremophiles
Ten extremophiles were studied with the space microscope. These microorganisms were collected on various expeditions by Richard B. Hoover, and stocks of pure culture are maintained at the NASA Astrobiology Laboratory, Huntsville, Al. Samples were received on dry ice, aliquoted and kept at -70 C for storage. Prior to imaging an aliquot of samples was thawed on ice and 5 μl was placed inside a microwell for optical characterization (at room temperature). The psychrotolerant strains included Trichococcus patagonesis and Proteocatella sphenisci (New genus) sampled in Patagonia during the 2000 Antarctica Expedition. The alkaliphillis mesophiles include: Spirochatea africana, Spirochaeta americana and Spirochaeta dissipatitropha (new Species); Desulfonatronum lucustrae, Desulfonatronum thiodismutans; Tindallia californeinsis, Tindallia magadiensis; and Anarovirgula miltovorans (new Genus from Owens Lake).
DATA
We built a computer programmable microscope as a model to investigate its potential in the search for extraterrestrial microorganisms. The microscope is able to collect a transmission widefield (brightfield) view to identify small objects, and for the case of living specimens, characterize its motility. The microscope can also probe the fluorescence properties of the microorganism. In our experimental setup we use a violet (408 nm) laser to excite the chromophores, and a spectrophotometer to collect the fluorescence. Because this system relies on the intrinsic fluorescence of the microorganisms, there is no concern about forward contamination with the extrinsic fluorescent probes that are used routinely by microscopists. However, the molar extinction coefficient and the quantum yield of naturally occurring chromophores are orders of magnitude lower than commercially available extrinsic probes. In order to efficiently collect the relatively low intrinsic fluorescence, we utilized an electron-multiplied CCD that has a quantum efficiency above 90% in the visible region of the light spectrum. Figure 1 shows the schematic setup of the computercontrolled space microscope. Figure 1 . Experimental layout of the space microscope. A 408 nm diode laser is used as the imaging source. The laser light is cleaned using a laser line filter (LF), spatially filtered and expanded using an 50 μm pinhole at the focal point of 2 achromatic doublet lens (L1 & L2). A dichroic mirror (DM) directs the laser onto the back aperture of a 60× water immersion objective. The fluorescence is collected by the objective and filtered using a long pass filter (LP) before focusing through the tube lens (TL). The fluorescence is passed through a slit aperture with an opening of 1 mm, and deflected using mirrors M1, M2 and M3. A movable mirror/diffraction grating turret (MM/DG) is placed in between M2 and M3 to collect a widefield image (mirror) or the dispersion of fluorescence (diffraction grating). The resulting spectrum is recorded onto an electron-multiplied CCD (EMCCD).
Major physical characteristics that are used to classify microorganisms are size and geometry. The space microscope was used to image live Spirochaeta in brightfield mode using a 408 nm diode laser (Figure 2 ). Individual Spirochaeta can easily be observed in standard brightfield mode without the need for labeling with extrinsic fluorophores. The unique helical geometry of this microorganism can be easily depicted from the image, and its corkscrew-like motion can also be inferred from analyzing a group of sequential images (not shown). The average length of the organisms was measured to be around 10 µm which is typical for this genus. The flagella could not be visualized because of the diffraction limit of light; it is not possible to resolve features below 0.2 µm with a 408 nm light source and objective numerical aperture of 1.20. Therefore, the nanometer-sized flagella can not be resolved optically. However, the 408 nm laser will yield greater resolving power compared to a white light source or other lasers with longer wavelengths. Table 1 for additional information.
Fluorescence from aromatic compounds that naturally occur in living cells can potentially be used to identify and classify unknown microorganisms. Figure 3A shows the autofluorescence spectra due to 408 nm laser excitation of the ten extremophiles studied. Note that the spectra are distinct and consists of more than one peak in autofluorescence. It is expected that the autofluorescence spectra is complex because of the numerous variety of biological compounds that fluoresce under violet (408 nm) light. In general, we estimate that two major peaks are present: a primary peak between 470 nm and 505 nm, and a secondary peak at 440 nm. The black dotted spectrum is from Trichococcus patagoniensis stands out from the other organisms because its primary peak is the most red-shifted (505 nm) which makes the secondary peak at 470 nm easily identifiable. Panels B, C and D of Figure 3 are comparisons of the autofluorescence spectra of different species of organisms belonging to the same genus. Table 1 presents the data for the wavelengths (λ) of the two major autofluorescence peaks and the intensities of the secondary peaks (F 2 ) relative to the primary peaks (normalized to unity for all spectra). Table 1 . Autofluorescence peaks for a panel of ten extremophiles (data from Figure 3 ). 
RESULTS
Brightfield microscopy has been a long-used tool of the biologist to study microorganisms, and our preliminary results show considerable promise for a space microscope to be used as a probe for extraterrestrial microorganisms in our solar system. We used a brightfield microscope setup to image live extremophiles under 408 nm excitation. In our initial scheme, a 25 microwell array casted from silicone was placed onto a coverslip to speed the ease of data collection and allow for multiple organisms to be probed by the automated microscope. The use of the 408 nm laser produces improved images compared to white light sources. Individual Spirochaeta were easily seen with this brightfield setup in addition to the other extremophiles studied (data not shown). Based on morphology and motility, a brightfield space microscope can be used to identify living microorganisms.
The space microscope also has fluorescence spectral imaging capabilities. This feature can be used to further identify microorganisms and has the potential to classify an unknown specimen based on its fluorescence spectrum. Intrinsic fluorescence (autofluorescence) is a common property of many aromatic compounds that comprise living organisms. An autofluorescence spectrum can be used to infer the amounts of major chromophores present in an organism. A hypothesis that was made in adding this fluorescence feature to the space microscope is that different organisms will comprise of different quantities of chromophores, and thus the autofluorescence spectrum could potentially be used to classify a microorganism when queried against a comprehensive spectral database. Indeed, every organism studied had a distinct spectral profile, and even species belonging to the same genus show spectral differences (see Figure 3 and Table 1 ). Furthermore, the autofluorescence spectra of dead organisms (dried in the microwells overnight) produced similar profiles, so this type of analysis could potentially be used to find evidence of past microorganisms; however the photostability of these chromophores over hundreds to thousands of years will ultimately determine if ancient microorganisms can be detected. Nonetheless, the combination of the brightfield analysis (geometry and motility) with an autofluorescence spectrum could provide a rigorous approach to probing the solar system for evidence of extraterrestrial microorganisms.
CONCLUSIONS
Further improvements on the space microscope are currently under development. Darkfield imaging will be added to the setup to provide greater specimen contrast, and image processing algorithms will be used to quantify microbe motility. In addition to autofluorescence spectral information, fluorescence lifetime (transient time between photon absorption and fluorescence emission) imaging can provide additional confirmation of the chromophores present in the organisms. Fluorescence lifetime data can also be used to distinguish fluorescence from non-living molecules in the environment (for example, minerals) and fluorescence arising from biological compounds. Other capabilities that will be integrated into the space microscope are light absorption and scattering spectra measurements; both absorption and scattering are hypothesized to be species specific similar to the autofluorescence spectra. The multifunction space microscope will be used to optically characterize extremophiles based on: 1) geometry, 2) motility, 3) autofluorescence spectrum, 4) fluorescence lifetime, 5) absorption spectrum, and 6) scattering spectrum. We intend to develop a comprehensive optical database of extremophiles based on the six properties listed above. This database can be used by a remote space microscope to aid in the identification of putative extraterrestrial microorganisms, to possibly be used in future sample recovery missions.
